Introduction
Skin wounds resulting from burns, tumors, or excision remain as tremendous challenges. Cutaneous wounds affect up to 100 million patients every year.
1 Although dressing remains the standard of wound care, insufficient availability of dressing complicates wound closure and increases the risk of infection in patients with large sized wounds. Current tissue engineered skin substitutes have become increasingly more accepted with their ability to favor skin restoration. However, they have limited effects on the formation of functional tissue. 2 In addition, accelerating healing is also a goal in therapeutic treatment that avoids converting an acute wound into a chronic wound. The ideal skin gra involves several strategies such as biodegraded scaffold with analogous extracellular matrix (ECM) structures, 3 the use of functional cellular components, and growth factors that might synergistically enable regrowth of a functional and physiological dermal layer of skin. 4 Regeneration of tissue aer skin injury is initiated via several growth factors involving a broblast growth factor (FGF) family, platelet-derived growth factor (PDGF) family, epidermal growth factor (EGF) family, etc. The latter is comprised of EGF, heparinbinding EGF (HB-EGF), and trans-forming growth factor-a (TGFa).
5 HB-EGF was identied as the major heparin-binding growth factor in wound uid of porcine partial-thickness excisional wounds. 6 As a versatile growth factor participating in skin regeneration, HB-EGF functions by accelerating keratinocyte migration, rather than proliferation during wound healing. 7 Furthermore, HB-EGF is mitogenic for broblasts and can synergize with Insulin-like Growth factor-I (IGF-I). 6, 8 Interestingly, HB-EGF also plays an important role in reepithelialization and granulation tissue formation.
Although application of exogenous growth factors can accelerate wound healing, they have difficulty in maintaining bioactivities over a rather long duration due to the short in vivo half-lives of most growth factors. It seems likely that a delivery system that protects growth factors from rapid degradation and denaturation would be more effective to facilitate wound healing. For example, EGF-conjugated nanober through functional amine groups could potentially be employed as a novel wound healing material. 9 Recently, heparin-containing delivery systems have been used to immobilize high affinity heparinbinding growth factors and overcome a burst release.
10,11
Besides, sulfated or sulfonated materials that might mimic this biochemical function of an ECM have been proposed for designing a delivery system. Specically, our group has demonstrated that 2-N,6-O-sulfated chitosan (26SCS), a highly sulfated heparin-like polysaccharide, not only can control release of BMP-2 and VEGF, but also has a synergistic effect with these heparin-binding growth factors.
12,13 However, up to now, few studies have been performed on this heparin-like sulfated chitosan system as a versatile carrier to deliver HB-EGF. Furthermore, feasible interactions between 26SCS and HB-EGF have yet to be investigated. In view of this, we placed an emphasis on the effects of 26SCS with HB-EGF on the migration and proliferation of keratinocytes in vitro, as well as the fabrication of 26SCS-embedded poly(lactic-co-glycolic acid) (PLGA) nanobrous matrix (S-PLGA) for HB-EGF loading, aiming at full-thickness skin regeneration in this research. Our strategy to immobilize HB-EGF takes advantage of the affinity between 26SCS and HB-EGF. Investigations including morphological observation, plus loading and releasing proles were carried out, as well as bioactivity of the released HB-EGF. Furthermore, we assessed the effect of HB-EGF loaded S-PLGA scaffolds on wound healing in a mouse excisional splinting model by optical images, histological evaluation, immunohistochemistry, and immunouorescence analysis. We hypothesized that the heparin-like 26SCS may cooperate with HB-EGF not only for binding and controlled release, but also may have a synergistic effect on promoting wound healing.
Materials and methods

Materials
Poly(lactic-co-glycolic acid) with a 50 : 50 monomer ratio and average molecular weight of 100 kDa was purchased from Jinan Dai Gang Biological Technology Co., Ltd. (Jinan, China). Toluidine blue zinc chloride double salt, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) was purchased from SigmaAldrich (St. Louis, MO, USA), recombinant human HB-EGF was obtained from PeproTech (Rocky Hill, NJ, USA). All cellculture-related reagents were available from Gibco (Grand Island, NY, USA).
Cell culture
Hacat cells were purchased from American Type Culture Collection (ATCC, VA, USA) and grown in Dulbecco's modied Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 U mL À1 penicillin, 100 mg mL À1 streptomycin (cell culture reagents were obtained from Sigma-Aldrich, Saint Louis, MO, USA).
Fabrication of S-nanoparticles
2-N,6-O-Sulfated chitosan (26SCS), synthesized as previously described, was used to fabricate modied-nanoparticles (S-NP).
14 Briey, in this experiment, chitosan (M w ¼ 3 Â 10 5 )
was dissolved in 2% acetic acid, forming a 0.02% (w/v) positively-charged chitosan solution, which interacts with negatively-charged 26SCS solution that was formed by 26SCS (10 mg mL À1 ) in 50 mM sodium sulfate (SS) through polyvalent charge attraction; this formed a highly-sulfated glycosaminoglycan-containing coacervate.
Electrospinning of nanobers
The electrospinning apparatus consisted of a 10 mL syringe (Popper & Sons, Inc., New Hyde Park, NY, USA) connected to a syringe pump (Orian Sage, Fisher, Fair Lawn, NJ, USA). A highvoltage power supply (Glassman Series EH, High Bridge, NJ, USA) was used to apply a voltage to the needle. The collector consisted of a 5 00 Â 5 00 metal sheet covered in non-stick aluminum foil, which was placed 18 cm from the tip of the needle to collect the dried bers. PLGA was dissolved in a solvent of 1,1,1,3,3,3-hexauoro-2-propanol (HFIP) to achieve a concentration of 17 wt% and certain amounts of S-NP (the weight percent of S-NP was 10% with respect to PLGA used) were added to the solution. The solution involving PLGA and S-NP was stirred for 12 h at room temperature. The condition was optimized from evaluations of stability and homogeneity of the solutions. The S-PLGA nanobers were electrospun using a needle (0.51 mm inner diameter), under a condition of 1.2 mL h À1 ow rate, +11 kV voltage, and 18 cm working distance. Meanwhile, pure PLGA nanobers were also fabricated under the same conditions to serve as a control. The aluminum foil covered with nanobers was dried overnight under vacuum and used for further studies.
Morphological investigation
The particle sizes and morphology of S-NP were examined by transmission electron microscopy (TEM). The morphology of the electrospun nanobers containing S-NP or no S-NP was studied using scanning electron microscopy (SEM; S-3400, Hitachi, Tokyo, Japan) at an accelerating voltage of 15 kV, aer sputter coating with gold.
Toluidine blue staining assay
The S-NP on nanobers was determined via a toluidine blue stain assay. S-PLGA nanobers and PLGA nanobers were incubated for 1 h in a toluidine solution (aqueous solution containing 0.005% (w/v) toluidine blue zinc chloride double salt, 0.01 M hydrochloric acid, and 0.2% (w/v) sodium chloride) at room temperature. A purple hue resulted on the surface of the S-PLGA nanobers, while PLGA nanobers remained white.
HB-EGF loading efficiency
The loading efficiency of HB-EGF was determined by a Human HB-EGF ELISA kit. Briey, modied PLGA nanobers and S-PLGA nanobers (64 mm 2 ) were placed in a 48-well plate with 500 mL of phosphate-buffered saline (PBS) containing 1 mg HB-EGF, incubated at 37 C under continuous agitation and le 24 h to allow protein adsorption. Then 250 mL of solution was collected and stored frozen, and later examined with the released HB-EGF using an ELISA kit according to the kit instructions.
HB-EGF release prole
Released HB-EGF from nanobers was also determined using a Human HB-EGF ELSIA kit. Briey, modied nanobers were placed in a 48-well plate. 500 mL of PBS solution containing 1 mg HB-EGF was added to the plate and le 24 h to be absorbed. Then the HB-EGF loaded nanobers were lyophilized and 500 mL of PBS was transferred to the plate that was covered by the HB-EGF loaded nanobers, and incubated at 37 C under continuous agitation. At regular intervals, 10 mL of solution was collected and stored frozen, and an equal amount of fresh PBS was added to the released medium. In the end, all collected samples were thawed and measured by a Human HB-EGF ELI-SIA kit. All samples were studied in triplicate.
Scratch wound assay
A 48 well plate was seeded with the immortal human keratinocyte line Hacat cells to a nal density of 5 Â 10 4 per well and these were maintained in Dulbecco's modied Eagle's medium (DMEM) with 2% fetal bovine serum (FBS) at 37 C for 24 h to permit cell adhesion and the formation of a conuent monolayer. Furthermore, 2% FBS was used in the culture medium to suppress cell proliferation for the sake of limiting that inuence on wound closure. A 200 mL pipette tip was used to scratch these conuent monolayers and then they were washed twice with PBS to remove dislodged cells. Cells were incubated with DMEM with 2% FBS at 37 C, containing 80 ng mL À1 HB-EGF loaded S-PLGA nanobers or free HB-EGF, or no HB-EGF as control. Wound closure in vitro was monitored by collecting digitized images at 7 h intervals aer performing a scratch until the wound had almost healed. Digitized images were captured with an inverted microscope and then analyzed using Image-J soware to measure the scratch width. All scratch assays were performed in triplicate.
Cell proliferation assay
The immortal human keratinocyte line Hacat cells were seeded at a density of 1 Â 10 4 cells per mL in a 48-well plate and cultured in Dulbecco's modied Eagle's medium (DMEM) with 10% fetal bovine serum (FBS) at 37 C, containing either 10 ng mL À1 HB-EGF loaded S-PLGA nanobers or free HB-EGF, or no HB-EGF as control. A colorimetric MTS assay was used to determine viable cells on the substrates aer 3 days of culturing. All samples were tested in triplicate.
Wound model and analysis 20 male C57BL6/J mice (6 weeks old, Slac, Inc. Shanghai, China) were divided into four groups and individually anesthetized using an intraperitoneal injection of isourane and the dorsal surface of each was shaved. The dorsa of the mice were rinsed with an iodophor swab and then a 5 mm punch biopsy tool was used to make identical full-thickness wounds on the dorsa of the mice. Two wounds were made on each side of the dorsal midline. Two 0.5 mm-thick silicone donut-shaped splints (OD ¼ 15 mm, ID ¼ 9 mm) were placed so that the wound was centered within the splint. A 5-0 Prolene suture was used to x the splint to the skin aer using an immediate-bonding adhesive. There were four groups: PLGA nanobers (PLGA), 1 mg HB-EGF-loaded PLGA nanobers (PLGA + HB-EGF), S-PLGA nanobers (S-PLGA), or 1 mg HB-EGF-loaded S-PLGA nanobers (S-PLGA + HB-EGF), which were applied to the wounds, respectively (n ¼ 5 mice/10 wounds per group). These nanobers were tailored to the same diameter of that of the wound. To prevent chewing of the splints, occlusive dressing (Tegaderm, 3M) was placed to cover each dorsal surface. General observations were carried out using digital photographs on days 0, 7, 10, and 14. Wound area was analyzed by tracing the wound margin with a ne-resolution computer mouse and calculating pixel area using Image-J soware. On day 7, two mice per group were euthanized and wounds were excised, bisected, and xed in 10% paraformaldehyde for histological evaluation. On day 14, remaining mice were euthanized and treated as described above. All procedures were performed in strict accordance with the NIH guidelines for the care and use of laboratory animals (NIH Publication no. 85-23 Rev. 1985) and were approved by the Research Center for Laboratory Animal of Shanghai University of Traditional Chinese Medicine.
Histological analysis
The skin sections underwent routine histological processing with hematoxylin and eosin (HE) for standard evaluation and with Masson's trichrome staining (MTS) to observe collagen content. Dyed sections were photographed using an inverted microscope. All samples for histological analysis were performed on more than 4 wounds per group at each time point. Images presented are representative of all replicates.
Immunohistochemical and immunouorescent analysis
Immunohistochemical staining was used to determine the production of cytokeratin as a marker of epithelial cells during wound healing. Fixed tissue sections were treated with a rabbit polyclonal anti-wide spectrum cytokeratin antibody (1 : 150, Abcam), using an IHC staining kit (Sigma), then counterstained with hematoxylin, and examined by inverted microscopy. Frozen sections on Day 7 were dual stained with rabbit polyclonal antiki-67 (1 : 100, Abcam) and mouse monoclonal anti-integrin b4 
Statistical analysis
All quantitative data expressed as the mean AE SD were analyzed with Origin 9.0 (OriginLab Corp, USA). Statistical differences were detected using one-way analysis of variance (ANOVA). Statistical signicance was accepted at p < 0.05.
Results
Morphology of nanobers and S-nanoparticles
Morphological images of the S-NP loaded and the neat PLGA nanobers were taken using scanning electron microscopy (SEM) and are shown in Fig. 1A and B, respectively. The SEM images depict randomly interconnected structures and the seemingly smooth morphology of the PLGA nanobers and S-PLGA nanobers. Besides, the inserted images of S-PLGA nanobers stained with toluidine blue (TB), in contrast to the stained PLGA nanobers, became purple, which demonstrates that the nanoparticles were evenly distributed among the nanobers. 15 The diameter is about 1.93 mm for the S-PLGA nanobers and about 1.74 mm for the PLGA nanobers, as determined by using image analysis soware. Fig. 1C shows a transmission electron microscopy (TEM) image of the S-NP, with the diameter of these S-NP being 109 nm.
Loading efficiency and release kinetics of HB-EGF
The loading efficiencies of HB-EGF for the neat and S-NP-loaded PLGA nanobers were determined by ELISA kits. As depicted in Fig. 2A , the HB-EGF loading efficiency of S-PLGA nanobers was 1.85 fold higher than that of PLGA nanobers. The binding affinity between S-NP and HB-EGF might contribute to enhancing the loading capacity of HB-EGF. To investigate the release behavior of HB-EGF from both delivery vehicles, the release proles of HB-EGF were determined and are presented in Fig. 2B . HB-EGF released from PLGA nanobers showed an initial burst of approximately 37% aer 24 h, while that of S-PLGA was about 17%. Thereaer, the release was almost linear and sustained through the 10 day experiment. At 10 days, a cumulative release was observed of 56% from S-PLGA nanobers compared with 83% for the PLGA nanobers, indicating the alleviated bolus and sustained release.
Bioactivity of HB-EGF
Cell migration in vitro. The effect of free HB-EGF and HB-EGF-loaded S-PLGA nanobers on the migration of Hacat cells was evaluated by a wound scratch assay. As revealed in Fig. 3A , there are substantial statistics showing the effect of free HB-EGF on improving wound closure compared with the control at 7 hours aer wounding, while there is no signicant distinction between the free HB-EGF and the HB-EGF loaded samples. At the time point of 14 hours, the free HB-EGF and HB-EGF loaded samples both greatly accelerated the rate of wound healing compared with the control, and free HB-EGF had a slightly greater advantage over the HB-EGF loaded one for wound closure. Nevertheless, by 21 hours post-wounding, the HB-EGF loaded sample had more contributions speeding up the process of wound closure than the free HB-EGF one. The course of the closuring wound was tracked and a representative image over 21 h is shown in Fig. 3C . It is obvious that the wound in the HB-EGF loaded group had almost closured in contrast to the free HB-EGF group. In fact, although the same dose of HB-EGF was added to both groups (80 ng mL À1 ), the loaded group had a fairly lower HB-EGF concentration in the culture medium, especially at an early stage of release. Therefore, the S-NP not only serves in a role for controlled release of the HB-EGF, but also has a synergistic effect on the migration of Hacat cells with HB-EGF. Cell proliferation in vitro. Hacat cells proliferation on free HB-EGF and HB-EGF-loaded S-PLGA nanobers with an equal dose of growth factor was studied at 3 days, with results shown in Fig. 3B . It was observed that free HB-EGF greatly suppressed cell growth compared with the control and showed a signicant statistical difference, while no statistically signicant difference in cell proliferation between the HB-EGF loaded and the control group was observed. Furthermore, statistical discrepancy in cell proliferation existed between the HB-EGF loaded and the free HB-EGF group. Notably, inhibition of cell proliferation in the HB-EGF loaded group was substantially weaker than that of the free HB-EGF one. This is consistent with the premise of controlled release reducing the burst effect.
Murine wound analysis. The effect of HB-EGF loaded on wound closure was determined by measuring the area of a wound over 14 days in a splinted mouse full-thickness excisional wound model. The advantage of this model is that skin is attached to the underlying cartilage, splinting the wound, which impedes wound contraction and allows gradual wound healing to occur by re-epithelialization and granulation tissue formation. As displayed in Fig. 4B , at 7 days, the HB-EGF-loaded S-PLGA nanobers (HB-EGF + S-PLGA) group had vast advantages of quick wound healing compared with other groups and kept it throughout the trial. A dramatic decrease in the wound area was observed in the case of the S-PLGA + HB-EGF group with 77% healing occurring in 7 days. At the same time interval, wounds treated with other groups healed no more than 70%. At 10 days, wounds in the S-PLGA + HB-EGF group healed about 86%. This still held an advantage for speeding up wound healing compared with other groups. Furthermore, epithelialization appeared to have nearly completed by 14 days and there was a statistically signicant difference in the wound area between every time point. However, the wounds were not completely closured in other groups. Histological examination was conducted on wound tissue to analyze the re-epithelialization by H&E and the formation of collagen by Masson's trichrome staining (MTS). 16 Images of the stained sections aer 7 days are presented in Fig. 5A . A thick epidermal layer and granulation region was noticed in the case of S-PLGA + HB-EGF, indicating accelerated re-epithelialization of the HB-EGF-loaded S-PLGA nanobers. In addition, the S-PLGA + HB-EGF group exhibited an organized collagen deposition which might favor formation of granulation tissue, while other groups contained much less collagen and showed a thin or inconsistent granulation regions. As depicted in Fig. 5B , immunohistochemical exploration of cytokeratin, the S-PLGA + HB-EGF group revealed a thick stratum corneum in 7 days. What's more, new dermal appendages formed in the wounded region that were identical to the surrounding normal epidermis in 14 days. However, the newly forming dermal appendages did not appear in other groups. 8 Cell viability in vivo. The effect of HB-EGF on the proliferation of keratinocytes was assessed at 7 days post-wounding by using Ki-67 (a marker of cell proliferation) immunouores-cence. Meanwhile, the migration of keratinocytes was determined by stained b4 integrin that acts to activate Rac1 for coordinated cell motility during wound healing. The PLGA group showed a double-negative throughout the wound region. The HB-EGF + PLGA group induced the migration of nonproliferating (Ki-67-negative) cell, which was consistent with the result of suppressed cell proliferation in vitro. Notably, there were several cells indicating proliferation (Ki-67-positive) and fewer cell migrations (b4 integrin-negative) presented in the S-PLGA group, which suggested that 26SCS modied PLGA nanobers induced the proliferation of keratinocyte. Wounds in the HB-EGF + S-PLGA group exhibited many more proliferating cells compared with those in other groups and the migration of proliferating cells was observed (double-positive), as shown in Fig. 6A , indicating that the HB-EGF-loaded S-PLGA nanobers promoted migration of keratinocytes and retained their proliferative capacity.
Neovascularization in wound. Neovascularization was determined at 14 days post-wounding by measuring immunouorescent staining for CD31 + and a-smooth muscle actin + . The CD31 + positive endothelial cells and a-SMA expressing mural cells were evidently observed near the wound margins in the S-PLGA + HB-EGF group, as revealed in Fig. 6B , suggesting a new blood vessel formed in the wound region. The HB-EGF + PLGA group formed only a small amount of nascent vessels and other groups did not even form them at all.
Discussion
Several novel delivery systems showing promising results were developed for the controlled release of growth factors based on sulfated or sulfonated synthetic carbohydrates. [17] [18] [19] Of salient effects are heparin and heparan sulfate proteoglycan, which protect growth factors from proteolytic degradation and increase their bioactivity. What's more, heparin enhanced the ability of some growth factors to bind to their cell receptor.
20,21
However, heparin stabilized growth factors are water soluble and not able to control release by heparin alone, especially in a cutaneous wound.
22
In the present study, we designed a heparin-like polysaccharide modied electrospun ber (S-PLGA) that has a highsurface-area to carry nanoparticles (S-NP) formed by 2-N,6-Osulfated chitosan (26SCS) and chitosan. Previous work in our group demonstrated that heparin-like 26SCS had signicant effects on BMP-2 and VEGF, even in a low dose of 26SCS.
12,13
Since HB-EGF has a similar heparin binding domain, we considered both a synergistic effect and controlled release feature might exist between sulfated chitosan and HB-EGF. Thus, the S-PLGA nanobers incorporated with HB-EGF were fabricated to investigate synergistic effects on cutaneous wounds healing.
Electrospun bers as high-surface-porous structures provide a superb accommodation for loading HB-EGF. Besides, the sulfated modied nanobers endowed it with higher affinity and more binding sites for HB-EGF, which improved the loading-efficiency compared to neat PLGA nanobers. HB-EGF is released from S-PLGA nanobers along with their degradation. As a result, the existence of S-NP as a heparin-like polysaccharide effectively binds to HB-EGF and decreases the rate of release of HB-EGF, especially a burst release which was reduced from 37% to 17% (compared to the neat PLGA nanobers as a control). It is remarkable that the 26SCS as a nanoscale carrier achieved a controlled and sustainable release of HB-EGF over at least 10 days in vitro with a steady release rate compared with the neat PLGA nanobers.
Biological evaluation of HB-EGF loaded in vitro was examined by the Scratch and MTS trial with free HB-EGF as a control. The HB-EGF loaded nanobers greatly potentiated Hacat cells mobility but did not slow their proliferation. Most importantly, our release study showed that HB-EGF existing in the solution of HB-EGF loaded nanobers was less than 20% by the end of the 21 h migration trial; however, the HB-EGF loaded nanobers induced migration of Hacat cells more effectively than the free HB-EGF ones. Furthermore, the HB-EGF loaded nanobers showed no obvious difference of cell number compared with the control; in contrast, the free HB-EGF nanobers suppressed the proliferation of Hacat cells. As a consequence, S-PLGA nanobers enhanced the bioactivity of HB-EGF and controlled the release of the HB-EGF to avoid inhibiting the proliferation of Hacat cells. Therefore, we hypothesize that 26SCS had a synergistic effect on the migration of Hacat cells with HB-EGF, which affected the wound healing that was further conrmed by the splinted excisional wound model.
The excisional wound splinting model provides an appropriate method for evaluating wound healing in wild-type mice.
23
Besides, wound closure, granulation, and vasculature can be visualized, measured, and documented at different time points. As demonstrated in Fig. 4 , the HB-EGF + S-PLGA group was shown to greatly speed up wound healing compared with other groups. The wound was almost completely closured at 14 days in this group, which healed through re-epithelialization, granulation, and angiogenesis, a process similar to that which occurs in humans.
Endogenous HB-EGF has been shown to play a functional role in re-epithelialization by accelerating keratinocyte migration; however, it was secreted in very low amounts. 7, 24 Thus, application of exogenous HB-EGF is needed for curing a wound. Wound sections were collected to measure cytokeratin, which proved that the HB-EGF + S-PLGA group effectively accelerated re-epithelialization by observing a complete keratinized layer at 7 days aer being wounded. Meanwhile, keratinocytes that stained double positive for b4 integrin and Ki-67 protein were also observed well beyond the wound margin. [25] [26] [27] This result is consistent with the vitro trial. On the contrary, as to the HB-EGF + PLAG group, we only found the b4 integrin that regulated epithelial movement during wound healing was expressed. Proliferation of keratinocyte was inhibited due to the burst release of HB-EGF. Eventually, the rate of wound closure exhibited no signicant difference compared with the PLGA nanobers without HB-EGF as control. Interestingly, the S-PLGA nanobers played favorable roles in proliferation. These results suggested that the 26SCS presumably stimulated keratinocytes around the wound to proliferate, express appropriate integrin receptors, and migrate into the wound space. The mechanism that contributes to these phenomena has yet to be delineated.
Aer migrating into wounds, broblasts begin the synthesis of an extracellular matrix, termed "provisional extracellular," which contributes to the formation of granulation tissue by providing a scaffold. And then the provisional extracellular matrix is gradually replaced with a collagenous matrix. The new extracellular matrix is necessary to support cell ingrowth.
28,29
Some studies described that HB-EGF is mitogenic for bro-blasts and we also observed that high collagen content existed in the HB-EGF + S-PLGA group at 7 days aer wounding.
8,30
Besides, the S-PLGA nanobers without the HB-EGF group and HB-EGF + PLGA group had almost the same amount of collagen content. This possibly resulted from a direct effect of broblasts and indirect effect produced by 26SCS as a heparin-like proteoglycan binding to protein 31 and then altering their orientation in a manner that inuences their activity. 32 Other dermal appendages in the granulation region also were shown in the HB-EGF + S-PLGA group at 14 days aer administration. Conversely, the other groups didn't form any appendages, which indicated the HB-EGF-loaded S-PLGA nanobers realized comprehensive wound healing.
As is known, blood vessels carry oxygen and nutrients to support cell metabolism. Thus, angiogenesis is indispensable to sustain the newly formed granulation tissue during wound healing. However, angiogenesis is a complex process involving the formation of an extracellular matrix in the wound bed as well as migration and mitogenic stimulation of endothelial cells. HB-EGF may affect the process of angiogenesis by initiating paracrine signaling by keratinocytes and broblasts in the wound bed. Furthermore, HB-EGF was demonstrated by several studies that it may have a positive effect on endothelial cells and vascular smooth muscle cells. 33 Besides, the angiogenic process is also regulated by a variety of cytokines.
5 Particularly important growth factors that contribute to angiogenesis are FGF-2 and VEGF. 16 The 26SCS as a heparin-like polysaccharide is a necessary cofactor for VEGF and FGF-2. We have assessed that the 26SCS has strong mitogen for angiogenesis with VEGF.
13,14
Fig . 6 The HB-EGF loaded S-PLGA nanofibers promote the migration of keratinocytes and retain its ability to proliferate, and increase angiogenesis in wounds. (A) Representative images of wound frozen sections at 7 days dual stained with Ki-67 (red) and b4 integrin (green). Highmagnification images of the wound margin reveal dual-positive epithelial cells (co-localization of markers; Ki-67 (red) and b4 integrin (green) ¼ yellow). (B) Representative images of wound frozen sections at 14 days dual stained with CD-31 (red) and a-smooth muscle actin (green).
Notably, only the HB-EGF + S-PLGA group showed formation of nascent blood vessels and endothelial cell inltration. Together with HB-EGF, 26SCS may facilitate maturation of the vascular system in this system, which needs to be further investigated (Fig. 7) .
Conclusions
In this study, PLGA nanobers were developed to encapsulate sulfated chitosan nanoparticles for HB-EGF loading, which achieved a controlled release of HB-EGF. Furthermore, S-PLGA nanobers played a signicant role in the HB-EGF mediated migration of HACAT cells, without inuencing proliferation, which led to acceleration of re-epithelialization. Wounds were almost completely healed at 14 days aer application of HB-EGF-loaded S-PLGA nanobers. Besides, 26SCS also had some positive effects on angiogenesis. By this token, these results indicate that HB-EGF-loaded S-PLGA nanobers can promote comprehensive and fast curing for cutaneous wounds.
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